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Abstract 
 
 
I 
 
ABSTRACT 
This work is focused on techniques for designing thin wideband radar absorbers. 
After the definition and the characterization of metamaterials, the use of lossy 
materials and frequency selective surfaces in multilayer stratified media is 
discussed and some of the most promising designs found proposed in the literature 
are analyzed. A non-conventional frequency selective surface shape, based on 
Hilbert and Peano space-filling curves, is proposed and integrated in a classic dual 
layer absorbing structure. Finally a practical method to design an optimized 
absorber for normal and oblique incidence using the materials from a database is 
proposed. The use of commercial lossy materials manufactured by Emerson & 
Cuming, Inc., is investigated.  
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INTRODUCTION  
Certainly everyone, at least once in life, has thought how it is possible that a military 
airplane can fly and maybe can attack and destroy a target not being seen on the 
radar. As it is globally known, the classic purpose of a radar is to find, localize and 
track a target. But as far as the interest is concentrated in the improvement of the 
radar performance, in parallel there is the awareness on the techniques to avoid the 
detection and the tracking of military flying objects. There are few methods that 
permit to an entity to be not visible on the radar screen, and one of the most studied 
and discussed regards the electromagnetic absorption theory. In the last years, a 
considerable part of the research activity in applied electromagnetism has been 
devoted to electromagnetic absorbing materials. There are many real-world 
situations where it is necessary to reduce the scattered field by a metallic object, not 
only in military scenarios. The most intuitive approach to reduce the Radar Cross 
Section (RCS) of a metallic surface is to cover it with an absorber material which can 
convert the power into heat. In nature, it is very unusual to find a material with 
these characteristics and it follows that the studies and the research activities have 
focused on the invention of new composite materials that can provide this kind of 
properties. Not all the radars work at the same frequency, in fact there are nine 
frequency ranges defined in the IEEE 521-2012 that covers from 1 GHz to 110 GHz. 
Actually, most of the radars use one of the ranges between 2 GHz and 20 GHz and, 
since the working frequency of the signal which could illuminate the object is not 
predictable, a wideband absorber is needed. The microwave absorbers for RCS 
reduction are usually used to coat an object and, for this reason, they need to have 
suitable characteristics such as light weight, shallow profile, high structural strength 
and chemical resistance, as well as good absorbing performance. In the design of a 
radar absorber the thickness of the total structure is very important since the 
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absorbing materials need to comply with aerodynamic constraints. For these 
reasons a good radar absorbed has to be thin, wideband and lightweight. 
The thesis is organized as follow. In the first chapter it is presented an overview on 
the history of the electromagnetic absorbers, with some details on the concepts and 
on the theory that allowed Salisbury, Dallenbach and Jaumann to design the first 
examples of absorbers. 
A more detailed definition and description of the materials used in the radar 
absorbers and the characteristics that define a metamaterial are discussed in chapter 
two. Some examples and the results of multi-layered structures proposed in 
literature are shown too. 
The third chapter presents the use of Frequency Selective Surfaces in order to realize 
High-Impedance Surfaces and shows how they can be used in the design of a thin 
wideband absorbers. Some examples are reported. 
In chapter four some non-conventional approaches available in the literature to 
synthesize wideband absorbers are discussed, and a new design based on the use 
of a Hamiltonian Curve shape FSS in a double layer structure is proposed. 
In chapter five a practical approach to design an absorber based on database of 
commercial magneto-electric materials with dispersive properties is presented. 
Frequently, in the literature, materials with ideal properties or hardly reproducible 
composites are employed in the absorber design. Sometimes no sufficient 
information on the chemical composition and the manufacturing process of 
materials is provided and reproducibility of the presented composites is 
questionable. On the contrary, the use of commercial lossy materials relies on lossy 
layers are easily available in the market and the electromagnetic characteristics are 
certified by the manufacturer. Several materials from the Eccosorb® line by 
Emerson and Cuming are employed in the optimization process and one 
combination is chosen to design a thin wideband radar absorber. 
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NOTATION AND SYMBOLS 
The explanations of the notations and symbols used in this dissertation are included 
as follows:  
 
E = electric field intensity  
H = magnetic field intensity  
η = intrinsic impedance of the medium  
J = electric current density  
M = magnetic current density  
σ = conductivity of the medium  
λ = wavelength of the electromagnetic wave  
Γ = reflection coefficient at a certain interface of a system  
Z = intrinsic impedance of a medium, or seen from an interface  
Y = intrinsic admittance of a medium, or seen from an interface  
P = electromagnetic power  
R = resistance of a component or the entire system  
k = wave number of the electromagnetic wave  
ε = permittivity of the medium  
μ = permeability of the medium 
Acronyms List 
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ACRONYMS LIST  
AMC: Artificial Magnetic Conductor 
CB: Carbon Black 
CNF: Carbon Nano Fiber 
EMA: Electromagnetic Absorption 
FEM: Finite Element Method 
FSS: Frequency Selective Surface 
GA: Genetic Algorithm 
GNP: Graphene Nano-Platelets 
HIS: High Impedance Surface 
MWNT: Multi-wall Carbon Nano Tube 
NF: Nano Flakes 
NP: Nano Particles 
PEC: Perfect Electric Conductor 
PMC: Perfect Magnetic Conductor 
RA: Radar Absorber 
RAM: Radiation Absorbing Material 
RCS: Radar Cross-Section 
VNA: Vector Network Analyzer 
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CHAPTER 1 
1 HISTORY OF ELECTROMAGNETIC ABSORBERS  
This chapter shows the most popular absorber designs available in the literature.  
In order to understand the main characteristics that impact the absorption 
performance of an electromagnetic absorber, we can evaluate the normalized 
reflected power level, defined as follows 
 
 1 ( )absorbed reflected transmittedP P P     (1.1) 
  
When the RAM is backed by a metallic surface (PEC plane), there is no transmitted 
power, and it follows that 
 
  1absorbed reflectedP P    (1.2) 
 
The objective in designing a good absorber is to minimize the reflected power in a 
large portion of the spectrum, either in case of normal or oblique incident field 
angle.  
Usually absorption/reflection/transmission coefficients are used instead of power to 
analyze the performance of the structure. 
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Figure 1.1  Geometry of a plane wave passing through two different mediums 
 
Referring to Figure 1.1, the reflection coefficient can be defined as [1] [2] 
 
 
0
0 0
0
2 20 0
0 0
( )
jk z
jk z jk z
Ejk z
E e E
z e e
E e E
 
 
 
       (1.3) 
 
where 0E

 and 0E

 are the amplitudes of the incident and reflected electric fields 
respectively and k is the wave number of the electromagnetic wave in the medium, 
defined as 
 
 0,1
0,1
2
k


   (1.4) 
 
It is evident from (1.3) that the magnitude of the reflection coefficient does not 
depend on z and its phase has a periodicity of λ/2. It is also obvious that E  is always 
lower than 1, since an electromagnetic absorber is a passive structure. 
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The transmission coefficient can be defined as 
 
 
0
0
1 1
0 0
( )
jk z
Ejk z
E e E
z
E e E
 
 
 
     (1.5) 
 
As in the case of the reflection coefficient, E  is always lower than 1 and is 
independent of z. 
In general, the performance of an absorber is measured referring to the reflection 
coefficient, which can be calculated analytically with the full knowledge of the 
material profile, or by measuring it in an anechoic chamber. 
 
1.1 Salisbury Screen 
The Salisbury Screen is one of the oldest and simplest designs for electromagnetic 
absorbers. It is realized by placing an infinitesimally thin resistive sheet, with conductivity 
σ, on a low dielectric constant layer backed by a metallic ground plane as shown in Figure 
1.2. 
The thickness of the dielectric layer is d and typically this medium is composed by a plastic 
foam to obtain a relative dielectric constant r  in the range 1.03 ~ 1.1 . 
Referring to the geometry in Figure 1.2 and to the basic electromagnetic theory, the electric 
and magnetic fields in the two mediums can be written as: 
 
 𝐸0 =  𝐴0
+ 𝑒−𝑗𝑘0𝑧 +  𝐴0
− 𝑒+𝑗𝑘0𝑧 (1.6) 
 
 𝐻0 =  
1
η0
(𝐴0
+ 𝑒−𝑗𝑘0𝑧 +  𝐴0
− 𝑒+𝑗𝑘0𝑧) (1.7) 
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 𝐸1 =  𝐴1
+ 𝑒−𝑗𝑘1𝑧 +  𝐴1
− 𝑒+𝑗𝑘1𝑧 (1.8) 
 
 𝐻1 =  
1
η1
 (𝐴1
+ 𝑒−𝑗𝑘1𝑧 + 𝐴1
− 𝑒+𝑗𝑘1𝑧) (1.9) 
 
 
 
Figure 1.2  Geometry of Salisbury Screen Absorber 
 
where 𝜂 is the intrinsic impedance of the medium, 
,
0,1A
 
 are the amplitudes of the 
propagating waves.  
In order to simplify the analysis, we can consider the plastic foam very similar to 
the free space, and in this case 0 1k k  and 0 1  . 
The main goal of the structure is to achieve the maximum absorption, and it can be 
obtained if a destructive interference of the two waves is verified on the interface 
between the mediums (0) and (1). 
Starting from the Maxwell Equations, we can obtain the boundary condition [3] 
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 0 1J E E       (1.10) 
 
 0 1J H H    (1.11) 
 
and using the field equations with them, the amplitude of the reflected wave can be 
written as 
 
    
0
0 0
0 0 02
2
jk d
jk d jk de
A e e   

              (1.12) 
 
Looking at (1.12) it is simple to see that at the structure interface the amplitude of 
the waves must be equal in amplitude and the phase angle must be in opposition. 
The condition on the amplitude forces σ to be equal to 1/ 0  , which means that the 
characteristic surface resistance must be 377 Ω/sq. 
Under this assumption, the amplitude of the reflected wave on the interface 
becomes 
 
 0 0
0 0
0
2
cos(k ) cos
jk d jk d d
A e d e


          
 
  (1.13) 
 
Therefore to obtain the maximum absorption, the (1.13) must be equal to zero, 
which implies 
 
 0 0 0,1,2,...
4 2
d n n
 
     (1.14) 
 
Considering a more general case, where the spacer is a generic dielectric layer                
( 0 1k k  and 0 1  ), the amplitude of the reflected wave reads: 
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0
1 10 0
0 0 0
1 1
1 1
2
jk d
jk d jk de
A e e
 
   
 

 
    
              
    
  (1.15) 
 
Similarly to the previous case, to have maximum absorption, the two exponentials 
must have the same amplitude and opposite phase angle: 
  
 0 0
0 0
1 1
1 1
 
   
 
   
         
   
  (1.16) 
 
Consequently relation (1.15) becomes 
 
 0 00 0
0 1
1 1 1
2
cos(k ) cos
jk d jk d d
A e d e
  
  
            
 
  (1.17) 
 
As in the previous case, this amplitude should be equal to zero, which implies: 
 
 1 1 0,1,2,...
4 2
d n n
 
     (1.18) 
 
Therefore, in the design of a Salisbury Screen absorber, it is possible to use different 
materials as dielectric substrate. Usually, high values of permittivity are employed 
to have strong and sturdy structures. The final results show that the thickness of the 
Salisbury Screen can be modified by using different dielectrics, because the 
minimum value of d correspond to a quarter of the specific wavelength of the 
material. Figure 1.3 shows the performance of a Salisbury Screen with a 7.5 mm air 
layer between the resistive sheet and the PEC backing using different values of 
resistive sheets. According to (1.18) the maximum absorption deep is exactly at 10 
GHz (λ = 30 mm) and the best performance is achieved with a resistivity of 377 Ω/sq 
reaching a magnitude of the reflection coefficient lower than – 70 dB. 
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Figure 1.3  Reflection Coefficients for a Salisbury Screen with d = 7.5 mm with different 
sheet resistances 
 
Acceptable performance is also visible with a sheet resistance of 300 Ω/sq where the 
minimum of the reflection coefficient reaches – 18.9 dB. It is important to notice that, 
according to (1.17), the frequency position of the absorption deep is fixed when 
sheet resistance is changing, because it is related only to the thickness of the spacer 
and on the characteristics of the material.  
The use of different dielectric spacers, as can be seen in Figure 1.4, does not modify 
the frequency position of the deep which is still at 10 GHz, but it induces a reduction 
in the absorption bandwidth. 
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Figure 1.4  Reflection Coefficients for a Salisbury Screen with d = 7.5 mm with different 
materials used for the spacer 
 
1.2 Dallenbach Layer Absorber 
A homogeneous lossy layer with dielectric and magnetic properties backed by a 
metallic plate can be also used as an absorber. This configuration is called 
Dallenbach Layer Absorber and shown in Figure 1.5 . 
As a general concept, in the case of a wave passing through different mediums, the 
change of the impedance seen by the wave at the surface causes the reflection. The 
basic idea for this absorber is to find a material whose impedance relative to free 
space is equal to 1, which yields no reflection at the interface. However, it is difficult 
to find a material with appropriate dielectric and magnetic properties, which can 
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act as a perfectly matched RAM. Generally, the total absorption is related to the loss 
properties of the material and the electrical thickness. Thus the main goal becomes 
to optimize the total loss at a given frequency using available materials. 
 
 
Figure 1.5  Geometry of Dallenbach Layer Absorber 
 
Analyzing the geometry in Figure 1.5, the reflection coefficient   is given by [1], 
[2] 
 
 0
0
in
in
Z Z
Z Z

 

  (1.19) 
 
where 0Z  is the intrinsic impedance of free space and inZ , given by  
 
 
 
 
tan
tan
L m d
in m
m L d
Z jZ k d
Z Z
Z jZ k d
 

 
  (1.20) 
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represents the impedance seen by the wave at the interface of the absorber, LZ is the 
intrinsic impedance of the load, and mZ  is the impedance of the material used for 
the layer 
 d
m
d
Z


   (1.21) 
 
In this case the load is a metallic plane and the impedance is essentially 0, which 
yields to 
 
 
 
 
tan
tan
m dPEC
in d m m d
m
jZ k d
Z Z Z jZ k d
Z

       (1.22) 
 
and consequently 
 
 
 
 
00
0
0
2
tan 1
tan
tan 2
tan 1
d
d d
dm d
m d d
d d
d
d
j
jZ k d Z
jZ k d Z d
j
 
 
 
 
 
 
 
   
     
   
   
 
  (1.23) 
 
From the (1.23) it is evident that with the knowledge of the permittivity and 
permeability of the lossy material used for the Dallenbach Layer Absorber, the 
absorption performance of the structure depends only on the thickness of the layer. 
In this structure, due to the potentially dispersive nature of the permittivity and 
permeability profile of the lossy layer, the optimal choice of the layer thickness does 
not follow the quarter-wavelength rule, and furthermore an increase in the 
thickness of the lossy material does not guarantee a shift of the absorption peak. 
Figure 1.6 shows the reflection coefficient for a Dallenbach Layer absorber with 
different thicknesses using as a lossy material the Eccosorb SF2 produced by 
Emerson & Cuming.  
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Figure 1.6  Reflection Coefficient for a Dallenbach Layer Absorber with different 
thicknesses 
 
The electromagnetic properties of this material are shown in Figure 1.7 and it can 
be found on the commercial market in the form of thin layers with fixed thicknesses. 
In this case the change of d causes the shift of the main absorption deep towards 
lower frequencies despite the magnitude value of the reflection coefficient becomes 
lower in absolute terms. 
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Figure 1.7  Electromagnetic properties of commercial Eccosorb SF2: (a) real part of 
Permittivity, (b) real part of Permeability, (c) imaginary part of Permittivity,  
(d) imaginary part of Permeability 
 
1.3 Jaumann Absorber 
When dealing with electromagnetic absorbing materials, other than the levels of 
absorption, another characteristic that is very important and must be evaluated is 
the absorption bandwidth. Usually the requirements of the project indicate a 
frequency band where the value in decibel of the reflection coefficient should be 
lower than a certain threshold (-10 dB is a common value). Often absorbers are used 
in military scenarios, which means that they have to cover the radar bandwidth (2 
GHz - 18 GHz) and their performance are supposed to deteriorate slowly out of this 
frequency range. Figure 1.4 shows that the Salisbury Screen cannot cover the full 
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radar bandwidth, but the coverage can be improved by adding other dielectric 
layers and resistive sheets [4]. This structure is known as Jaumann Absorber (Figure 
1.8).  
 
 
Figure 1.8  Geometry of Jaumann Absorber 
 
An example of the reflection coefficient of a Jaumann Absorber with eight layers 
made of the same material, is shown in Figure 1.9. The thicknesses and the sheet 
resistances are shown in Table 1 and Table 2 respectively. 
 
Table 1 Thicknesses for the layers of the Jaumann Absorber [mm] 
d1 d2 d3 d4 d5 d6 d7 d8 
3.9 3.9 4 3.9 3.9 3.9 4 3.9 
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Table 2 Sheet Resistances for the layers of the Jaumann Absorber [ sq
  ] 
 
The simulated reflection coefficient for this absorber has a -10 dB absorption 
bandwidth of 2 – 36.2 GHz and a -20 dB absorption bandwidth of 3 - 35.2 GHz in 
the case of air or similar material as filler of the layers. The total thickness of this 
absorber is 31.4 mm, slightly larger than a quarter of wavelength at the lower 
frequency (3 GHz). The performance for this absorber can be considered as ultra-
wideband, but the total thickness is too large to consider it as thin layer. Alternative 
approaches need to be considered to reduce the thickness while maintaining the 
same performance.  
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CHAPTER 2 
2 RADAR ABSORBERS  
In this chapter the basic concepts and the characteristics of the materials used to 
design an electromagnetic absorber are discussed, focusing on some ad-hoc 
proposed materials. 
As is well known, the radar theory is based on the Maxwell equations and on the 
EM waves propagation. The basic concept used by the classic radar is the following: 
when the power radiated from an antenna impinges an object, some reflection 
occurs and some reflected power comes back to the radar antenna. By analyzing the 
parameters associated to this incoming wave, it is possible to generate an image of 
the object and in case of moving items it can also be predicted its speed and its 
trajectory. 
In parallel with the development of the radar theory, the research activity finalized 
to make an object invisible to the radars was developed mainly in the military field. 
Since the World War II, one of the most studied methods to have no power going 
back to the radar antenna, which is also the basis of this work, is to coat an object 
with a sort of material able to absorb all the electromagnetic waves incident on its 
surface. One of the official first examples of this “invisible objects” was the stealth 
aircraft, developed by different companies in different versions. Actually no aircraft 
is totally invisible to radars, but stealth aircrafts are difficult to detect or track for 
conventional radars because of their shape, the absorbing coating and also because 
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they use some active measures and emitters employed to reduce the EM emissions 
and interfering with the coded signal used by the radar. 
In this work we will discuss about the possibility of designing a radar absorber, on 
a band ranging from 2 to 18 GHz, using commercial lossy materials in a layered 
structure similar to the Jaumann configuration. The choice of commercial materials 
is not common in literature, since the use of ad-hoc materials synthetized in a 
chemical laboratory are frequently proposed in order to obtain a specific 
electromagnetic behavior. One of the problems of these materials is that, even if the 
whole procedure to create them is described, it is almost impossible to obtain the 
same electromagnetic characteristics when trying to make them in another 
laboratory. 
For these reasons, the focus of this work is to try to design an absorber employing 
commercial materials, simply available and with properties certified by the 
manufacturer. 
The main goal of a radar absorber is to suppress the reflected energy generated by 
the incident wave on the surface of the structure, by dissipating the magnetic and/or 
electrical fields into heat. The absorbers can be divided into magnetic and dielectric 
absorbers, according to their lossy fillers. The magnetic ones are usually used as 
coating materials and the fillers are made by mixing rubbers or polymeric resins 
with compounds of relatively heavy metals or ceramic, mostly used at high mixing 
ratios. The conductive fillers are used to control the complex permittivity only. 
 
2.1 Metamaterials 
The studies and the experiments on artificial materials for manipulating waves 
began at the end of 19th century, defining the first examples of metamaterials [5], but 
a more specific definition of metamaterials emerged about 50 years later [6] , [7]. 
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A metamaterial is an artificial material designed to have properties that any other 
material has in nature [8], [9], [10]. The use of a metamaterial allows to block, to 
enhance, to bend or to enhance waves achieving advantages that are not attainable 
with common materials. Metamaterials can be realized by assembling multiple 
materials (metals or plastic) or combining different layers of materials or working 
on single elements chemically. The structure of metamaterials is usually arranged 
in repeating patterns and their properties do not come from the characteristic of the 
base material, but it is the specific shape, the orientation, the size and the geometry 
that give them the capacity of manipulating electromagnetic waves. 
Metamaterials have several and various potential interdisciplinary applications, 
including optical filters, remote aerospace applications, sensor detection, radomes, 
high-frequency battlefield communication and lenses for high-gain antennas [11], 
and even shielding structures [12] , [13]. In the modern electromagnetic theory 
metamaterials are also used to design microwave absorbers [14], [15], [16]. 
 
2.2 Lossy Mediums 
Each material has electromagnetic properties that play a key role in determining the 
performance in term of reflection and attenuation for an absorbing structure. The 
permittivity 
r  is the measure of resistance that is encountered when forming an 
electric field in a medium and the permeability 
r  is the measure of the ability of a 
material to support the formation of a magnetic field within itself. Each of these 
parameters is a complex quantity, which yields 
 
 
' ''
r j      (2.1) 
 
 
' ''
r j      (2.2) 
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where all the values are normalized by the values of the free space 
0  and 0 . The 
imaginary part of permeability and permittivity is strictly connected to the loss in 
the medium. Referring to these properties, we can define lossy materials the ones 
with 1r   and 
'' 0  . 
The loss in a material is also generated by the electric conductivity of the material 
that contributes to imaginary part of permittivity '' : 
 
 
''
0     (2.3) 
 
Experimental results show that the loss effect connected to the permittivity is much 
lower than the one generated by the permeability, and the absorber thickness is 
more affected by the real part of the complex permittivity than the imaginary part.   
It is found that the reflection and attenuation performance of an absorber depends 
on six characteristic parameters, as can be seen in (1.23): the wavelength  , the 
thickness d and the real and imaginary part of 
r  and r . Therefore fixing the 
frequency and the thickness, the only way to obtain it is to work on the combination 
of 
r  and r [17]. 
One of the most used compound classified as lossy medium is the ferrite; it is 
usually composed of iron oxide combined chemically with one or more metallic 
elements. The proportion between the basic elements of the compound 
determinates the different electromagnetic characteristics of the medium and it 
follows a change of the absorption characteristics of the absorber. 
In order to generate a good loss level, the ferrite can be mixed with different 
materials as for instance, rubber [18]. This particular composite, as many others, has 
a narrowband response if used as layer in a classic Dallenbach configuration. It is 
shown that increasing the mixing ratio of ferrite to rubber, the absorption deep 
moves to higher frequencies even if the minimum value of magnitude does not 
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follow a specific scheme as well. It is also demonstrable that the higher value of 
'
r
, 
'
r  and  tan   induces the thinner absorber. 
There are multiple solutions to create composite laminates that can be used in the 
design of electromagnetic absorbers. In [19] an E-glass/epoxy composite laminate 
containing three types of carbon nano materials has been studied, expecting to have 
a different effect on the value of the real and the imaginary part of the complex 
permittivity. 
Kim et al. [19] used carbon black (CB), carbon nano fiber (CNF) and multi-wall 
carbon nano tube (MWNT), trying different concentrations of the filler to study the 
behaviour of the composite. Referring to Figure 2.1, it is evident that the three types 
of carbon nano materials have a different atomic structure that generates the proper 
electromagnetic characteristics of each of them. 
 
   
Figure 2.1  Scanning electron photos of the carbon black (CB), carbon nano fiber (CNF) 
and multi-wall carbon nano tube (MWNT) [19] 
 
In [20] flake-like particles are employed. Having a higher shape anisotropy 
compared to sphere-like particles, more convenient values of complex permittivity 
and permeability can be obtained. Physically speaking, due to the high surface-to-
volume ratio, the flake-like particles interface area is greatly larger compared to the 
sphere-like particles and it follows that theoretically the loss can be higher. CoFe 
alloy Nano-Flakes (NFs) and Nano-Particles (NPs) were prepared with hydrogen-
thermal reduction method and the electromagnetic parameters were measured on 
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a Vector Network Analyser (VNA) on transmission/reflection mode. The measured 
permittivity and permeability of the composite specimens are shown in Figure 2.2, 
and it is visible that the EM characteristics of CoFe alloy NFs look more lossy than 
the NPs ones, in fact the imaginary part of NFs permittivity is high and infers an 
intense dielectric loss compared to NPs. 
A physical reason for higher 
'
r  of CoFe alloy NFs is that in the gigahertz frequency 
band, the dynamic magnetic properties for high conductivity particles are strictly 
connected to the eddy current and the loss on the permeability in NFs is more 
effectively suppressed than that in the case of CoFe alloy NPs. 
 
  
Figure 2.2  Complex Permittivity (a) and Complex Permeability (b) of composites specimen 
measured on a bandwidth of 2-18 GHz [20] 
 
Lots of research works are now focused on the chemical study of lossy materials. 
Starting from the proposed alloys, they combine or add some elements, or they 
modify the producing process in order to obtain different electromagnetic 
characteristics for the final material. Ultimately, the main goal seems to be to 
produce materials in which the particles have a high surface-to-volume ratio and a 
low conductivity, and thus suppress the eddy current effect improving the 
permeability of the composite. 
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Most of the conclusions of previous works on metamaterials show that it is very 
difficult to achieve a good absorption performance on a wide frequency band only 
using one layer of lossy material backed by a metal plane. As well known, to obtain 
a good absorption level, at the incident interface of the structure it is necessary to 
have the impedance matching, to reduce the reflected power and to maximize the 
power that propagates into the layers. Afterwards, we need high dielectric or 
magnetic dissipation in the filler material to have less power as possible coming 
back out of the structure after the reflection on the metal plane. The main problem 
seems to be the difficulty to find a good equilibrium between dissipation and 
impedance matching using only one material, if a working bandwidth wide as the 
radar one is desired. Usually, natural materials have a permeability lower than 
permittivity, so magnetic material such as ferromagnetic alloys could be used in the 
design of an absorber structure mainly for the matching purpose. 
In [21] the use of a dual layer absorber is proposed to be a reasonable solution to 
obtain the impedance matching on the outer layer and the power dissipation in the 
inner layer on a wide frequency band. In the top substrate CoFe3/Al2O3 is utilized as 
filler, because it is shown that it prevents the agglomeration during the reduction 
process and it allows the particle size to be enlarged, and CoFe NFs are adopted as 
fillers in the absorbing layer. The thicknesses of the layers, following a classic 
approach in these cases, are optimized by using a GA method to obtain the widest 
reachable absorption performance. 
The experimental results show that the effective bandwidth obtained with the dual-
layer structure is greatly wider than the one using only one CoFe alloy NFs layer 
(Figure 2.3), which means that a good impedance matching characteristic is 
achieved by CoFe3/Al2O3 composite nanoparticles. In this structure, the reflection 
coefficient remains less than -10 dB on the frequency range from 2.5-18 GHz, and 
less than -15 dB on the band of 5-15 GHz, actually a not predictable behaviour 
analysing and combining the ones of the single layer case. 
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Figure 2.3  EMA performance of dual-layer absorber backed with PEC plate [21]  
 
Going forward through the idea of improving the surface-to-volume ratio, we can 
mention the use of carbon nano-tubes in the composites for EM applications. Then 
the evolution can be seen in graphite nano-platelets (GNPs), which are presented in 
[22]. One of the most interesting aspects of these particles is that they can be 
dispersed in a polymeric matrix, increasing in this way the loss of a material block 
or even locally only in a specific area of a layer. The electromagnetic properties of 
this drugged material can be calculated analytically and therefore controlled 
through the manufacturing process. Nano-platelets can also be deposited on the 
surface of a material and seen as a bi-dimensional sheet that can be stacked up above 
other layers to obtain a more complex structure. 
Gaetano et al. [22] propose the use of GNPs composites in a shielding multilayer 
structure without metallic planes, that offers a -10 dB reflectivity on a band from 2 
to 18 GHz with a wave incident on the top side, or a frequency range from 3.6 to 
18 GHz with a wave incident from the down side.  
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2.3 Multi-layer Absorbers 
The simplest electromagnetic absorber is a single layer of dielectric or lossy material 
backed by a metallic plane. In real situations, this structure is used to coat a metallic 
object (that represents the PEC plane). An efficient way to improve the performance 
of the absorber is to add more layers and elements to the structure.  
In [23] it is demonstrated the least thickness to bandwidth ratio achievable for a 
physically realizable radar absorber, which is one of the foundation of the actual 
theory on the absorbers. 
When designing a microwave absorber, we have to think that the actual scenario is 
mostly military, which means that we have to satisfy some requirements. We should 
have the minimum possible thickness, because adding some material to coat an 
aircraft means an increase of weight and thus more use of fuel and worse flying 
performance. We also should have the best possible performance, namely the 
lowest possible reflectance, and the widest operating bandwidth, but all these 
requirements are conflicting to each other.  
Ideally if we could use a material with a frequency dependence of the permeability 
and permittivity that can be selected arbitrarily, we could achieve the maximum 
absorption on the desired bandwidth without considering the thickness of the layer. 
This would be the basic idea for a perfect radar absorber. In real materials, real and 
imaginary part of permeability and permittivity are correlated to each other by 
means of the Kramers-Kronig relations, and it means that the operating bandwidth 
of a single lossy layer is limited. In some cases, such as a single layer absorbing 
structure (Dallenbach screen), it is also possible to calculate the analytical equation 
that define a relation between thickness of the layer, the electromagnetic 
characteristics of the material and the operating bandwidth. As is well known, the 
performance of this type of absorber can be improved by increasing the 
permeability of the medium. However, the permeability of known lossy materials 
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is usually too low to obtain good absorption performance, and it follows the interest 
into multilayer structures and metamaterials. Unfortunately, no analytical 
expressions on the working bandwidth are available for these cases and the usual 
approach consist of the optimization of the performance by using parametrized 
simulations. These numerical methods can provide the upper bound for the 
thickness to bandwidth ratio of the absorbers. 
Rozanov [23] defines,  for the case of any metal-blocked magnetodielectric layer, the 
analytical relation between the reflection coefficient ( ) , the thickness of the slab 
and its static permeability, defined as 
 
 '
S 
 

   (2.4) 
 
Under the condition of the wavelengths tending to infinity, any thickness of the 
material is small compared to  , which yields to 
 
 2
0
ln ( ) d 2 Sd   

    (2.5) 
 
And for the case of a multilayer structure we have 
 
 
2
0
ln ( ) d 2
iS i
i
d   

     (2.6) 
 
where 
iS
  and 
id  are the static permeability and the thickness of the ith layer 
respectively.  
When applying the (2.6) to a generic radar scenario, we can analyze the case when 
the reflection coefficient of a radar absorber is less than 
0   within the operating 
bandwidth 
max min( )   and we obtain 
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     20 max minln 2 iS i
i
d         (2.7) 
 
Inequality (2.7) can be used to estimate the largest possible bandwidth we can 
achieve with a prescribed thickness and reflection coefficient of the absorber. 
At the moment inequalities (2.5), (2.6) and consequently (2.7) are considered the 
actual limit for the thickness to bandwidth ratio achievable for a physically 
realizable radar absorber. Even if in [23] it is indicated the possibility to have a 
thickness in real absorber less than the one calculated with (2.6), in literature no one 
has been able to design or to realize an absorber with a thickness smaller than the 
predicted one. Thus this limit is also used to compare proposed results, considering 
it the optimum value that can be obtained. 
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CHAPTER 3 
3 WIDEBAND ABSORBERS USING FREQUENCY 
SELECTIVE SURFACES (FSS) 
This chapter presents one of the modern design approaches for electromagnetic 
absorbers. It is based on FSS (Frequency Selective Surfaces). The FSS layer, 
analogously to Salisbury or Jaumann absorbers, is printed above a dielectric 
substrate with a PEC backing and it is used as a resonant structure to match a 
specific frequency. The FSS is employed in place of a uniform resistive sheet as it 
can provide complex surface impedance instead of only resistive impedance. This 
characteristic allows achieving an improved versatility in designing 
electromagnetic absorbers. Working with resonant structures, the absorption 
performance of thin absorbers employing FSS is narrowband. Usually an absorber 
is used to cover big surfaces or objects, but in the radar bandwidth (Gigahertz 
frequencies), the wavelength   goes from 1 cm to 30 cm and it means that only one 
resonant structure, normally with dimensions of / 4 , is not enough to fill the whole 
surface of interest. Accordingly, a periodic array or a matrix of FSS is used and the 
resonant frequency of the screen is determined by the size, the shape and the 
resistivity of the metal used to print the single unit cell. One way to increase the 
working bandwidth of the absorber is to produce multiple resonances among the 
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grounded dielectric slab and the FSS or to design the unit cell of the FSS with 
multiple resonances. 
Some examples of FSS-based absorber are presented in this chapter, to show how 
from different primary concerns follow different approaches and designs for 
absorbers. 
 
3.1 High-Impedance Surfaces 
The design of electromagnetic absorbers is mostly based on the choice of the 
materials for the layers and on their optimal thickness. It is demonstrated that by 
adding elements to the basic layered structure, it is possible to enlarge the total 
bandwidth of the absorber, combining in this way different adjacent resonant 
frequencies.  
The use of High-Impedance Surfaces (HIS) in electromagnetic devices is common, 
especially because they can mimic the behavior of an ideal Artificial Magnetic 
Conductor (AMC) on a small frequency range. An AMC is a surface characterized 
by a reflectivity of +1, and it can also be seen as a Perfect Magnetic Conductor 
(PMC). This condition means that the phase of the reflection coefficient is zero 
degrees, or similarly that the reflected wave is in phase with the incident one. 
Unfortunately, this kind of material does not exist in nature, so the only way to 
realize it is to use metamaterials. The use of FSS, mainly on the top of a layered 
structure, is very common to synthetize a HIS (Figure 3.1).  
Multiple different shapes of the FSS have been proposed in the literature, basing the 
choice of the geometry on an equivalent circuit theory [24] [25] in case of normal 
incidence, that allows to size the dimensions in order to have a specific resonance 
and a working bandwidth. According to (1.22), the dielectric layer backed by the 
metal plane behaves as an inductor when its thickness d is <<   , with an impedance 
of 
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d sZ j d j L     (3.1) 
 
where   is the permeability of the material used for the layer.  
 
 
Figure 3.1  3-D example of HIS layered structure  
 
The FSS can be considered as a pure capacitive element 
FSSC  on small frequency 
ranges or as a RLC series circuit for a larger bandwidth. The absorbing structure can 
be seen as behaving like a parallel LC circuit (Figure 3.2b). As well known, the 
resonant frequency of the circuit 
0f  and the bandwidth BW of the HIS structure are 
 
 0
1
2 S FSS
f
L C
   (3.2) 
 
 
0 0
1 S
FSS
LBW
Z C
   (3.3) 
 
where 
SL  is the inductance of the substrate, 0Z  is the free-space impedance, and 0  
is the angular resonance frequency 
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0
1
S FSSL C
    (3.4) 
 
Hence, the surface impedance may be represented as  
 
 2
0
1
S
R
j L
Z




 
  
 
  (3.5) 
 
There are different methods to modify the resonant frequency of the structure. The 
most obvious one affects simple modifications of the unit cell geometry, by 
increasing the printed surface area between adjacent cells, for instance, the 
capacitance grow up and from (3.2) it is evident that 
0f  is reduced, maintaining the 
same unit cell size and substrate parameters. Furthermore, an increase of the 
substrate thickness, according to (3.1) and (3.2), produces a lower resonant 
frequency. 
 
a) 
 
b) 
 
Figure 3.2  Equivalent Transmission Line circuit of a) high-impedance surface and b) its 
corresponding lumped circuit model in case of FSS modeled as a simple capacitor 
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In [25] it is demonstrated that modeling the FSS by using only the capacitor is a 
good tool for studying some particular cases, but it does not allow to evaluate the 
working bandwidth of the structure. In fact, even if using FSS with different shapes, 
but with the same value of averaged capacitance, the calculated bandwidth would 
be always the same. 
To evaluate the behavior of the HIS structure in a more general way, it is necessary 
to consider a circuit where the FSS is modeled as the series of a capacitance 
FSSC  and 
an inductance 
FSSL (Figure 3.3).  
Basing on this new idea, the impedance of the circuit is 
 
 
2
2
(1 )
1 ( )
S FSS FSS
R
FSS FSS S
L L C
Z j
C L L
 



 
  (3.6) 
 
a) 
 
b) 
 
Figure 3.3  Equivalent Transmission Line circuit of a) high-impedance surface and b) its 
corresponding lumped circuit model in case of FSS modeled as a series of a capacitor and an 
inductor 
 
The high-impedance condition is verified when the denominator of (3.6) is zero, 
namely when the angular frequency is equal to 
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0
1
(L )FSS FSS SC L
 

  (3.7) 
 
The bandwidth of the new circuit must be referred to the case of a high-impedance 
surface, where it is defined as the frequency range where the absolute value of the 
impedance is larger than the free-space impedance. Thus, it is necessary to find the 
frequencies for which the impedance in (3.6) is equal to 
0Z  and 0Z . 
After some algebra, the final expression of the fractional bandwidth of the new 
circuit can be expressed as 
 
    0 0 2
0
2
cos( ) 3 sin( )
3
Z Z
FSS FSS SFBW C L L Q A
 
 

   
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 
  (3.8) 
 
where 
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R
Q
 
 
 
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  (3.14) 
 
are coefficients calculated or defined during the calculation.  
From (3.7) it is evident that the modification of the FSS shape, with the thickness of 
the dielectric fixed, makes the resonant frequency change. But it is also 
demonstrated experimentally that the inductance and the capacitance related to the 
frequency selective surface, are strictly connected and it is not possible to vary one 
of them without change the other one. In fact, the use of large elements with respect 
to the unit cell, namely the increase of printed surface between adjacent cells, 
produces the decrease of the value of the FSS inductance.  Eventually it is 
demonstrated that the fractional bandwidth of the structure can be maximized by 
decreasing the inductance and consequently increasing the value of the capacitance. 
According to these results, we expect that a cross element will be the most 
narrowband, whereas a patch-type element will be the most wideband even if its 
capacitance is higher. 
In [24] it is shown an example on how the use of two different sized squared patch 
in a specific geometry (Figure 3.4a) generates three different resonant frequencies 
of the structure. Afterwards, to add more resonances, they modify the smallest 
square patches, including three additional smaller patches (Figure 3.4b) to form a 
repetitive, reduced scaled version of the original maintaining the overall unit cell 
size the same. Keep on repeating this addition, they can obtain FSS shapes like the 
ones in Figure 3.4c and Figure 3.4d, adding in this way more resonant frequencies 
to the absorbing structure. 
It is also demonstrated in [26] that it is possible to reduce the mutual coupling 
between the antenna elements, namely suppressing the surface waves, by placing 
thin strips of AMC between the cells.  
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a) 
 
b) 
 
c) 
 
d) 
 
Figure 3.4  Examples of Geometries used for the Unit Cell of the Periodic Metallic Screen 
in  [24] 
 
An alternative approach to tune the resonance of the structure is to work on the 
characteristics of the dielectric substrate and leave unchanged the geometry of the 
FSS screen. In this case it can be used a tunable dielectric material, that changes its 
permittivity depending on the applied electric field, hence the resonant frequency 
can be controlled accordingly. 
In literature some simple designs have been presented, also proposing for instance 
a multilayer structure composed only by FSS with vacuum spacers, analyzing 
different unit cell shapes [27].   
 
3.2 Absorbers Comprising Resistively Loaded HIS 
In recent years, the use of frequency selective surfaces and the amount of their 
possible shapes has been investigated in order to enhance the performance of 
absorbers. Usually structures with perfectly conductive FSS layers loaded with 
lumped resistors are employed to synthetize thin and wideband absorbers without 
following the rule of the quarter-wavelength on the thickness. Alternatively, 
another approach is to use a resistive or low-conductivity FSS instead of the 
combination of a conductive layer and lumped resistor. Some rules for the design 
of resistive loaded High-Impedance Surfaces are presented in [28], but they are 
mostly referred to wideband cases and a specific theory of narrowband structures 
is not available. It is also very difficult to find a useful method to choose the most 
appropriate surface resistance for the FSS. 
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Costa et al. in [29] present a thin electromagnetic absorber using HIS comprising 
lossy FSS, which can be used as a narrowband or as a wideband absorber, obtaining 
in this last configuration -15 dB of the reflection index over a band from 7 to 20 GHz 
with a total thickness of the structure of 5 mm (Figure 3.5). The proposed structure 
is very simple: a dielectric thin slab backed with a metal plane and on the top there 
is a FSS array, made of capacitive cells, with squared elements. Three different cell 
shapes have been simulated, a cross, a squared ring and a squared patch to show 
how the reflection coefficient changes depending on this choice. The best results, for 
the wideband configuration, have been obtained with the third cell shape, namely 
with the squared ring (Figure 3.6). This approach is based on the fact that the use of 
lumped resistors, finalized to introduce ohmic losses, makes the project to be very 
complex and expensive.  
 
 
Figure 3.5  Reflection Coefficient of the Absorber proposed in [29] calculated with three 
different methods  
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Figure 3.6  3D geometry of the Absorber proposed in [29]  
 
The analysis of the behavior of the structure is done using a simple equivalent 
circuit, and this idea allows to demonstrate that the optimum surface resistance of 
the ink depends on multiple parameters, as the permittivity of the substrate, the 
distance of the FSS from the PEC plane, and obviously on the unit cell shape. 
Following the concept of the equivalent circuit, the impedance of a lossy FSS can be 
represented as 
 
 
21 FSS FSS
FSS
FSS
L C
Z R j
C


 
   
 
  (3.15) 
 
where R , 
FSSL  and FSSC  represent the elements of the RLC circuit, which depend on 
the shape of the FSS. The surface impedance of the absorbing structure 
RZ  can be 
defined as 
 
 / /
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R FSS d
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where 
dZ is the impedance of the grounded dielectric stub as defined also in (1.22) 
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and where the approximation is valid when d  , which is also identical to (3.1). 
In order to obtain the maximum absorption of the incoming wave, we need the 
parallel circuit to resonates, and the impedance 
RZ  to become purely real. 
After some manipulations, the real and the imaginary part of 
RZ  can be derived: 
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When the imaginary part of the FSS impedance assumes the same value as the 
impedance of the substrate, namely  
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the impedance 
RZ  becomes purely real, equal to: 
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As discussed in the previous part, to achieve complete absorption of the incoming 
signal, the impedance in (3.21) must be equal to the free space impedance: 
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which yields: 
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Relation (3.23) clearly shows that the FSS resistance depends on the thickness and 
on the permittivity and the permeability of the medium used for the absorbing 
structure. It is evident that the thicker is the substrate, the higher is the optimal FSS 
resistance.  
Ideally the optimal surface resistance of the lossy layer would be exactly equal to 
optR  if the material would be uniform. In case of a microwave absorber made with 
FSS, the optimal surface resistance 
SR  has to be derived from the lumped resistance 
R  of the equivalent circuit. It depends not only on the thickness and on the 
electromagnetic characteristics of the material, but also on the unit cell shape. As a 
good estimate for a patch type FSS, the surface resistance can be expressed as: 
 
 
2S
A
R R
D
   (3.24) 
 
where A  is the surface area of the lossy element within a single unit cell and D  is 
the cell periodicity. From (3.24) it is evident that the smaller is the scattering area, 
the smaller is the surface resistance that generates the same losses with a fixed 
periodicity of the cell. This expression works very well for patch type FSSs, but with 
other resonant shapes, it should be considered only the surface area of the element 
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along the direction of the current with some other specific modifications related to 
the specific shape. 
Different FSS shapes have been proposed, usually the ones we know the behavior 
or we have an equivalent circuit model, such as squared patches, crosses and rings 
or loops. Single-square and double-square configurations have been well studied, 
in [30] Li et al. propose the canonic single dielectric layer structure with a resistive 
treble-square loops FSS on the top (Figure 3.7). They analyze the absorber with 
HFSS, obtaining three resonances at different frequencies. This result is coherent 
with the equivalent circuit method, which is useful to predict the frequency 
response. The lowest resonance at 11.6 GHz is mainly determined by loop 1, the 
middle one at 17.9 GHz is mainly determined by both loop 1 and loop 2, and the 
third one at 26.4 GHz is determined by all three loops.  
 
 
Figure 3.7  Geometry of the FSS screen proposed in [30] 
 
The simulations show a bandwidth, referred to -10 dB, over a frequency range of 
10.7-29 GHz (Figure 3.8). Because of the symmetry of the unit cell shape, this 
absorber is also insensitive to the wave polarization and stable performance are 
obtained with different oblique incidence angles 30    . 
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Another example of ultra-thin absorber using a monolayer structure with a screen 
made by square patches FSS is presented in [31]. In this case it is mainly discussed 
the independence from the polarization due to the symmetric geometry of the unit 
cell, a very useful property in some real scenarios. 
 
 
Figure 3.8  RCS reduction with normal incidence for the absorber, using two different 
software, proposed in [30] 
 
One of the difficulties of realizing a layered absorber with a metallic screen on the 
top is the need to have a homogenous surface resistance of the FSS cells for the 
whole screen. An alternative solution to the use of a metallic sheet above the 
absorbing layer, can be printing the frequency selective surfaces through resistive 
inks with a desired surface resistance. In [32] this configuration is practically 
realized by using a inkjet printer, making this method low-cost, simple and 
repeatable. In this way the surface resistance could be also ideally modified locally 
while printing and the thickness of the metal becomes close to zero if a high quality 
specific designed printer is used. 
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3.3 CoFe alloy-based Absorbers 
When designing an absorber, the first step in most cases is the analysis, the find or 
even the design of a lossy material which can provide a good absorption level and 
a good matching seen impedance at the interface air-structure. 
Zhou and al. in [33] start from CoFe alloy NP and CoFe alloy NF layers backed with 
a PEC plane and they compare the reflection performance between the single layer 
and the 2-layer absorber, with optimized thicknesses of the layers by using the 
Genetic Algorithm. Based on the simulation results the multi-layer geometry has 
better performance, and according to the theory, the absorption bandwidth can be 
extended by increasing the number of layers, but increasing in this way also the 
total thickness. With this simple structure they can obtain a reflection less than -10 
dB on the frequency range of 4.6 - 18 GHz. 
Adding a periodic screen to the structure, they investigated the possibility to 
improve the performance of the layered absorber. The use of a cross-strip FSS with 
conductive arms and a load resistor in the middle of the unit cell, backed by a PEC 
plane, allows realizing a reduction of the reflection coefficient on a bandwidth from 
10 to 18 GHz, but the performance degrades on the lower frequencies. This means 
that working with the combination of resonant structures and absorbing materials 
is not simple, because every addition or modification in the geometry can produce 
a very important change in the performance of the entire absorber. 
Rubber ferrite and other materials produced from ferrite are very common in the 
design of absorbers in literature. The periodic screen on the top of the structure 
offers infinite possibilities in terms of FSS shape and unit cell dimensions. In [34] a 
microwave absorber with conductive thin line patterns printed periodically on the 
surface of a magnetic absorbing material has been discussed. They studied the 
reflectivity of the structure with different FSS shapes (lattice, cross, square loop and 
double-layered square loop) and varying the distance between two adjacent 
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elements, namely the size of the unit cell, or the width of the printed conductive 
line. The results show that the reflection coefficient of an absorber can be modified 
by working on the geometry of the FSS periodic screen.  
It is also demonstrated that an increase of bandwidth can be achieved by adding an 
additional screen [3]. 
If the goal is only to lower the reflection coefficient on a specific frequency range, 
one approach could be the use of an additional layer, for instance, made by lager 
cross-strips with a low resonant frequency. In case the attention is focused mainly 
on the absorption in both directions and a PEC backing plane is not needed, the 3-
layer configuration with conducting bowties connected with resistors is proposed 
in [3], [33] 
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CHAPTER 4 
4 NON-CONVENTIONAL GEOMETRY BASED WIDEBAND 
ABSORBERS  
In this chapter some different approaches to design a thin wideband 
electromagnetic absorber are presented. They are mostly based on the modification 
of the classic geometry of a Dallenbach or a Jaumann absorber and the frequency 
selective surfaces used in these configurations have a different shape from the ones 
usually proposed in the literature (such as square patches, circular or square rings, 
crosses, etc.). A new position of the FSS screen in the stack-up is also discussed, 
trying to place it between two lossy layers instead of placing it on the top of the 
structure. 
   
4.1 Absorbers with Embedded FSS 
A not usual geometry for a Radar Absorber (RA) is proposed in [35]: a frequency 
selective surface sandwiched between two different magnetic sheets backed by a 
metallic plate as shown in Figure 4.1. This design allows to enhance the operating 
bandwidth of the absorber maintaining basically unchanged the thickness and the 
weight of the structure. In fact the presented design has a total thickness of 2.2 mm, 
Chapter 4 - Non-Conventional Geometry Based Wideband Absorbers 
 
      
48 
where 
1 2t t   1 mm for the magnetic sheets and the FSS, consisting of 0.02 mm 
thick copper and 0.18 mm FR-4 substrate layer, has a thickness of tFSS=0.2 mm. The 
FSS has a shape of a square loop with an edge split for each unit cell, organized in 
arrays to cover the surface of the structure. The simulated and measured reflectivity 
results show that the lower resonance can be adjusted by manipulating the size of 
the split, and with the optimized configuration the operating bandwidth referred to 
– 10 dB is 14 GHz, from 4 GHz to 18 GHz.  
 
 
Figure 4.1  Geometry of the absorber with embedded FSS proposed in [35]  
 
4.2 Absorbers with Perforated Layers and Embedded FSS 
One of the conclusions presented by Rozanov [23] is that the use of magnetic 
absorbing materials can improve the absorption bandwidth even if using layers 
with a small thickness. Other approaches have been presented in the literature with 
the aim of increasing the absorbing bandwidth. Several of them work on the 
geometry instead of the change of the materials. Amano and Kotsuka [36], [37] had 
proposed a method of perforating small holes in the magnetic layer and in [38] this 
idea is studied with the improvement of using FSS between two magnetic 
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substrates. At first the configuration has only circular array holes, made by 
perforating both layers, afterwards the FSS as squared conducting patches are 
added between the two layers. The simulation results show the increase of the total 
absorbing bandwidth from 4.5 GHz (7.5GHz – 12 GHz) to 9 GHz (9 GHz – 18 GHz) 
in the case of holes with 7 mm of diameter (Figure 4.2) and a total thickness of 2.4 
mm. An optimization algorithm for thin wideband radar absorbers using  
perforated layer has been proposed in [39], comparing the performance of 
unmodified substrate, the substrate with one circular hole per unit cell and the 
substrate with several circular holes per unit cell. Simulated and measured results 
show how additional resonances can be added when the substrate is perforated, 
heading to enhance the absorption properties of the RA. 
 
a) 
 
b) 
 
Figure 4.2  a) Geometry of the perforated Layer  
b) Simulated Reflection Coefficient for different hole diameters [38] 
 
Another important gain of this kind of configuration regards the weight of the RA, 
that is decreased in this case by 15% due to the perforation. This is not a secondary 
aspect to consider when designing an absorber with metamaterials: most of the 
magnetic absorbing materials are very heavy and using them to coat a flying object 
could have an impact on the aerodynamic properties.  
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4.3 Absorbers with Hilbert and Peano Curve FSS 
As previously presented in this work, most of the designs of thin wideband 
electromagnetic absorbers have a classic Salisbury screen structure, constructed by 
placing a resistive screen on the top of a dielectric or a magnetic layer backed by a 
PEC plane. The techniques of realization, the use of array and how the size and the 
shape of the FSS used for the screen affects the performance of the absorber have 
been widely discussed.   
One of the biggest challenges in designing a layered absorber using frequency 
selective surfaces is that the analytical analysis based on the use of the transmission 
line equivalent circuit is applicable to only a few FSS shapes, whose impedance can 
be approximated through a closed explicit specific formula. If a numerical analysis 
through commercial software such as CST or HFSS is employed every possible 
shape and material can be simulated but a full wave analysis implies a very high 
computing resources, the usage of several GB or RAM and not least a big amount 
of time. Therefore the suggestion of new FSS shape is not common and the use of 
classic rings, loops, crosses or patches is highly preferred for the design of a RA.   
In the infinite set of the bi-dimensional curves there are two categories, the Hilbert 
and the Peano space-filling curves (Figure 4.3 and Figure 4.4), that could be useful 
in the electromagnetic absorbers design. 
 
    
N = 1 N = 2 N = 3 N = 4 
Figure 4.3  Examples of Hilbert Curves (1891) with N iterations 
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N = 1 N = 2 N = 3 N = 4 
Figure 4.4  Examples of Peano Curves (1890) with N iterations 
 
A space-filling curve is a curve whose range contains the entire 2-dimensional unit 
square, and they are constructed iteratively [40] – [43]. These curves could be used 
as the shape for the FSS in a periodic metallic screen because of their properties and 
because it is visible that the segments of the curves follow only two perpendicular 
directions and the geometry is periodic, which yields to a simple printing of the 
resistive ink and to a simpler analytic analysis compared to random shape curves. 
It has been demonstrated that Peano and Hilbert space-filling curve inclusions, in a 
periodic arrangement, can be used to create resonant surfaces with characteristics 
similar to an AMC when placed in proximity of a conducting ground plane [44], . It 
has also been shown the polarization dependence characteristics for both curves set: 
depending on the polarization of the incident field, maintaining the same 
configuration, the absorption bandwidth changes and the resonance moves toward 
higher or lower frequencies. In [45] an absorber composed by a space-filling curve 
surface with Hilbert curves of order 3 and Peano curves of order 2 supported by a 
lossy material substrate backed by a metallic plate has been studied. Various 
simulations with FEM have been done with different substrate materials and with 
different thicknesses of the layer, optimizing in this way the parameters, making 
realizable a prototype for the measurement experiments. Measured results confirm 
the presence of polarization dependence, but mainly they show the possibility to 
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design an absorber with a very good absorption performance, even if not wideband, 
with a thickness of only 0.01 . 
Hilbert and Peano curves arrays constructed from resistive / low conductivity 
materials have been used to design some RA [46], demonstrating that they can be 
used in multi-layered structures acting as a thin wideband absorbing screen. The 
advantage of using this class of curves over traditional circuit shapes is the smaller 
unit size and the reduced diffraction effects, which in turn reduces reflection at 
oblique angles of incidence. Accordingly, the resistive / low conductivity Hilbert 
and Peano curve arrays give much wider bandwidth than classic conductive space-
filling curve-based absorbing screens. 
Due to the good performance achieved with Hilbert and Peano curves in the 
literature, we decided to exploit their electromagnetic properties to design a thin 
wideband radar absorber. The use of these curves could be integrated in a classic 
geometry, where in a unit cell we can combine, for instance, a square ring and this 
new FSS. The combination of more resonant elements, possibly in a double layer 
configuration due to the sizes determined by the single resonant frequencies, 
theoretically lead to an improvement of the working bandwidth. The main problem 
to solve with this approach regards the polarization sensitivity, because when 
working with radar absorbers, used to coat a flying object, it is obviously impossible 
to know in advance the direction of the incident field on the object surface, namely 
the polarization of the incident wave. One possible solution could be the 
modification of the unit cell geometry: a macrocell can be created by including in 
each cell a two by two array with rotated replicas, namely where the diagonal 
elements are rotated 90° as is shown in Figure 4.5. With this configuration it is 
demonstrated  that the reflection coefficient does not change with x-directed or with 
y-directed polarizations of the incident wave [45].  
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Figure 4.5  Geometry of the polarization independent unit cell for the absorber with Peano 
inclusions proposed in [45] 
 
Another possible solution to address the issue of polarization dependence is to find 
a specific curve which performance are insensible to the direction of the incident 
field. Hilbert and Peano curves are special cases of grid-graph Hamiltonian Path 
(Cycle), defined as a path that visits all available vertices once and exactly once. All 
the iterations of Hilbert and Peano curves can be found on a Cartesian Grid, visiting 
the vertices once and exactly once (Figure 4.6 and Figure 4.7). 
 
   
12 x 12 16 x 16 32 x 32 
Figure 4.6  Examples of Hamiltonian Path 
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Figure 4.7  Peano Curve (2nd iteration) drawn on a Cartesian Grid 9 x 9 
 
A complete analysis of all the possible Hamiltonian Paths for a given n x n Cartesian 
Grid can be easily done using an ad-hoc iterative code. All the obtained curves can 
be used as the shape of the FSS in a RA screen to run simulations with a commercial 
electromagnetic software. Simulation and measured results show that for a 6 x 6 
grid, there is one curve, named as HC 471 (Figure 4.8a), which is insensitive to the 
incident polarization (Figure 4.8b). This specific curve, because of its insensitivity, 
has been chosen for the design of an absorber.  
 
a) 
 
b) 
 
Figure 4.8  a) HC 471  
b) Simulated Phase of the Reflection Coefficient for HC 471 AMC surface with different 
incident polarization in case of normal incidence 
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The main goal is to realize a thin wideband electromagnetic absorber for the radar 
band, namely from 2 GHz to 18 GHz, and the idea is to integrate a new shape FSS 
with traditional shape frequency selective surfaces to enlarge the bandwidth adding 
new resonances. The design and the simulations of the behaviour of the structure 
to calculate the reflection coefficient, have been implemented with Ansys HFSS 15.   
As it has been discussed previously, the absorber is usually employed to coat an 
entire object and then it is necessary to have an array of frequency selective surfaces 
to cover the total surface. Using HFSS it is possible to design only one cell of the 
array and set the boundary conditions of the simulation volume as the software 
would see infinite replicas of the single cell on the plane x-y.  
 
a) 
 
b) 
 
Figure 4.9  a) Unit cell Geometry of the proposed absorber seen from the top (x-y plane)  
b) Unit cell Geometry of the proposed absorber seen from a side 
 
The designed structure of the unit cell is shown in Figure 4.9: it is composed by two 
layers, the one on the top consist of an FSS made by the combination of a square 
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ring with the HC 471 in the central hole, printed with resistive ink on a FR-4 
substrate ( 4.5 j0.088r   ) ; the second layer is composed by a square ring printed 
on a FR-4 substrate. An air spacer is placed between the FR-4 layer and the metal 
backing plane (Figure 4.10).  
 
 
Figure 4.10  Stack up of the proposed absorber 
 
a) 
 
 
 
b) 
 
Figure 4.11  a) Unit cell Geometry – Layer 1  
b) Unit cell Geometry – Layer 2 
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Table 3 Dimensions of the cell elements for the two simulated configurations [mm] 
 D d1 w1 d2 w2 d3 w3 
Configuration 1 12 9.5 2.25 11.5 2.25 5 1 
Configuration 2 12 10.5 2.25 11.5 2.25 5 1 
 
The geometry of the two layers individually is shown in Figure 4.11. The unit cell 
and the frequency selective surfaces initial sizing takes place from the work 
presented by Costa et al. [29]; two configurations have been simulated with the 
dimensions of the elements reported in Table 3. In both cases the size of the cell is 
D = 12 mm, the thickness of the FR-4 substrate is 0.12 mm and the distance between 
the PEC plane and the dielectric layer, namely the thickness of the air spacer, is 5.3 
mm. The FSS is considered as a printed sheet of resistive ink with a proper surface 
resistance Rs and its thickness is ideally null, therefore the total thickness of the 
structure is 5.54 mm. Simulated results for the two configurations are shown in 
Figure 4.12 and Figure 4.13. The simulated structures differ one from the other only 
by 1 mm on the edge of the ring in layer 1, but from the results it is visible that a 
minimum change in the sizing of the FSS produces a remarkable change in the 
absorption performance. The configuration one appears to be the best in terms of 
reflection coefficient, in fact with a surface resistance of the ink of 70 Ohm/sq the 
working bandwidth, referred to – 10 dB, goes from 6 GHz to 11.75 GHz compared 
to the bandwidth of configuration two, with the same surface resistance, which goes 
from 3.25 GHz to 4.15 GHz. It is also evident the increase of absorption when the 
ink surface resistance becomes higher. The best performance achieved with this 
design is the one obtained in configuration one with Rs = 140 Ohm/sq: the working 
bandwidth referred to – 10 dB is 8.1 GHz (from 6.1 GHz to 14.2 GHz) with an 
absorption deep at 9.3 GHz of - 23.2 dB. 
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Figure 4.12  Reflection Coefficient of the Absorber in Configuration 1 with different 
Surface Resistances of the FSS ink 
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Figure 4.13  Reflection Coefficient of the Absorber in Configuration 2 with different 
Surface Resistances of the FSS ink 
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From Figure 4.12 it is also noticeable that the increase of the surface resistance used 
to print the frequency selective surfaces, brings the performance to become more 
narrowband. This design guarantees a good and wide absorption bandwidth, but 
not enough for a conventional RA. A more accurate analysis of the structure reveals 
that the FR4 layers do not provide any power absorption mainly due to their small 
thickness, in fact they are mostly employed as a physical support to print the FSS 
on. The comparison between the reflection coefficient of the structure with the HC 
471 and the one without is shown in Figure 4.14 . 
 
Table 4 Comparison between Configuration 1 and Configuration 2 relevant values 
 
Rs 
[Ohm/sq] 
fmin @ -10dB 
[GHz] 
fmax @ -10dB 
[GHz] 
B 
[GHz] 
min   
[dB] 
Configuration 1 
70 6 11.75 5.2 -10.4 
90 5.65 13.35 7.7 -15.2 
140 6.1 14.2 8.1 -23.2 
Configuration 2 
70 3.25 4.15 0.9 -11.3 
90 - - 0 -10 
140 5.25 10 4.75 -10.7 
 
It is evident that the performance in terms of working bandwidth is not improved 
by the inclusion of the new FSS, but the modification of the absorption toward lower 
frequencies caused by the new resonant circuit is visible. Thus, it has been 
confirmed that it is very difficult to control the behaviour of an absorbing structure 
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when a multi-resonant anisotropic structure is added, and every modification of the 
geometry yields to an important variation of the performance. 
Future works could be addressed to the integration of frequency selective surfaces 
with Hamiltonian Path shape, mainly the ones with polarization independence, 
with other conventional shapes in layered optimized absorbers using lossy and 
dielectric materials. 
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Figure 4.14 Comparison between the Reflection Coefficient of Configuration 1 of the 
Absorber with or without HC 471  
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CHAPTER 5 
5 WIDEBAND ABSORBERS USING COMMERCIAL LOSSY 
MATERIALS  
The use of lossy materials in the design of thin wideband radar absorbers has been 
largely discussed in the previous chapters. The results presented in literature show 
how the use of metamaterials can be useful and performing in the creation of RA 
with simple layered structures. However, the electromagnetic characteristics of 
these mediums are often unknown and sometimes we only know the main chemical 
components but not the mixing ratios or the complete manufacturing process. It 
happens in some proposals that the permittivity and the permeability have been 
previously calculated analytically to match perfectly the desired performance of the 
absorber, and probably the material cannot be physically produced. In other cases, 
the lossy materials have been fabricated by mixing random quantities of chemical 
elements being not completely confident about the ratios and measured results over 
multiple samples helps in finding the most performant configuration. These 
approaches show some problems when a high replicability is required and thus 
reusing the proposed materials for new designs is difficult because of the absence 
of a complete electromagnetic description of them. 
In this chapter is presented a study on electromagnetic absorbers made with 
commercial lossy materials. In this way the knowledge of the absorbing behavior of 
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the materials is complete even if the chemical composition is unspecified, and the 
use of them is possible because they are easily available.   
 
5.1 Lossy Materials Manufactured by Emerson & Cuming 
One of the main companies that produces and sells microwave materials, low-loss 
dielectrics and electrically conductive shielding materials is Emerson & Cuming 
Microwave Products, Inc. The Eccosorb® line is a series of thin, flexible, free space, 
resonant absorbers (materials with high loss absorption) available in the 1GHz to 
18 GHz range. These magnetically loaded narrowband absorbers are designed to 
work at specific frequency, providing a reflection index for normal incidence lower 
than – 20 dB when backed by a metal surface. Eccosorb® are sold in standard sheets 
of 305 mm x 305 mm (12” x 12”) with a variable thickness depending on the resonant 
frequency (Figure 5.1 and Figure 5.2) and for an optimal performance, a metal 
backing is required. 
 
 
Figure 5.1 Datasheet of the Eccosorb® Line SFU  
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Figure 5.2 Datasheet of the Eccosorb® Line SF  
 
The name of the product shows immediately the working frequency: the SF2 is 
designed to work at 2 GHz and the SFU6 at 6 GHz and similarly all the others. An 
example of the behaviour for three materials of the Eccosorb® line is shown in 
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Figure 5.3 . It is visible that the maximum absorption is not exactly provided at the 
declared frequency, but the working bandwidth referred to – 10 dB covers a range 
including this value.  
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Figure 5.3 Simulated Reflection Coefficient for Eccosorb® materials SF2 (d = 2.7 mm), 
SFU6 (d = 2.28 mm) and SF11 (d = 1.8 mm) 
 
These materials, as all the others lossy materials, have electromagnetic characteristic 
that are frequency dependent. The knowledge of permeability and permittivity of 
these commercial products has been possible through a library of CST Microwave 
Studio, where the company included the tables of   and   . Exporting the tables, 
with some modifications, it is possible to load them in a simulation code or even in 
HFSS. An example of the permeability   and permittivity   of two Eccosorb® 
materials are presented in Figure 5.4 . 
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Figure 5.4   
Electromagnetic properties of Eccosorb SF4.5: (a) Permittivity, (b) Permeability 
Electromagnetic properties of Eccosorb SFU9.5: (c) Permittivity, (d) Permeability 
 
According to electromagnetic theory, a single layer absorber using Eccosorb 
materials produces different absorption performance with variable thicknesses. In 
Figure 5.5 the reflection coefficient for different thicknesses of an absorbing single 
layer structure, consisting of a SF2 layer backed by a metal plate is presented. It is 
evident how with an increase of the thickness, the resonance moves toward lower 
frequencies. The continuous curves in Figure 5.5 indicate the two thicknesses (2.5 
mm and 3 mm) close to the one of the commercial sheet (2.7 mm). 
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Figure 5.5 Simulated Reflection Coefficient for the 1-layer absorber with Eccosorb SF2 
 
5.2 Multi-layer Absorbers with Commercial Lossy Materials 
The simulated behaviour of the Eccosorb® materials, as also declared in the 
commercial data sheets, is narrowband. As it is well known a radar absorber should 
cover the 2 GHz – 20 GHz band, so an obvious approach could be the design of a 
multilayer structure using Eccosorb® materials as layers. A database of lossy 
materials by Emerson & Cuming has been created extracting the tabs of   and 
from CST Microwave Studio. The available materials have been divided into two 
groups (Table 5): the first one contains all the products described as Free Space 
Absorbers and sold as sheets with a fixed thickness (Figure 5.1 and Figure 5.2), the 
second group is composed by the materials designed as Cavity Resonant Absorbers 
and Load Absorbers not sold as sheets.  
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Table 5 Eccosorb® materials of the database, divided into groups 
Sheets with Fixed 
Thickness 
SF Line SF1, SF2, SF4.5, SF11, SF15 
SFU Line SFU2.5, SFU3, SFU3.5, SFU5.5, SFU6, SFU7.5, SFU9.5, SFU13 
BSRU Line BSRU1, BSRU2 
FGM Line FGM40, FGMU40, FGMU125 
MCS Line MCS, MCSU40 
MF Line MF116, MF117 
GDS Line GDS 
No Fixed 
Thickness 
DSF Line DSF3, DSF8, DSF10, DSF14 
FDS Line FDS 
SP Line SP4 
LS Line LS14, LS16, LS18, LS20, LS22, LS24, LS26 
MF Line MF-PP120 
 
The purpose of this work is to design a thin wideband absorber using the 
commercial materials of the database in Table 5. The first step is to design and 
analyse the absorbing behaviour of a simple dual layer structure, combining all the 
available materials as layers. Next steps will add more layers or will integrate FSS 
on the top or embedded in the stack-up. To find the combination of materials with 
the best absorbing performance, the reflection coefficient of all the 237 possible 
structure has to be calculated and through a comparison a choice is needed basing 
on an optimization condition. A single simulation of the dual layer absorber with a 
commercial software like Ansys HFSS, will last few minutes and the manual 
modification of the assignment of the materials by the user is necessary. This 
approach becomes unthinkable due to the very high number of possible 
Chapter 5 - Wideband Absorbers using Commercial Lossy Materials 
 
      
68 
combination. Using a Matlab code which calculates the reflection coefficient for the 
multilayer structure through the equivalent transmission line circuit, the simulation 
lasts less than one second. For the design of the absorber in this work, an ad-hoc 
Matlab code has been created: first a specific function is called to load all the tabs 
with permeability and permittivity of the available materials in a particular folder 
and a virtual database is created and stored. Afterwards with an iterative process 
the absorption performance is estimated automatically for all the combinations of 
materials and an optimization function is used to compare and choose one of the 
combination of the layers during each iteration. This approach results to be very 
convenient in terms of simulation time, simplicity of the set up, and it permits the 
complete analysis of all the cases automatically. Two optimization functions have 
been created, the first one calculates the mean value of the curve and chooses the 
one with the lower value, namely with the best average absorption, after checking 
that at least 20% of the point are below the calculated value. This condition is related 
to a possible narrowband behaviour: a deep of the reflection coefficient could lower 
the mean value of the curve, letting the optimizer to choose a configuration with a 
non-wideband performance. The second optimization function chooses the curve 
which has the widest band referred to a threshold defined by the user in the code. 
After the analysis of the simulation results using both the optimizing functions, the 
one based on the widest bandwidth has been preferred, because the main goal of 
this design is to obtain the maximum possible absorption on the radar band, which 
is very wide. For the results shown in the next parts, a conventional -10 dB threshold 
has been set in the optimization function. 
Figure 5.6 shows a flow chart, to explain better the iterative algorithm used in the 
Matlab code for the optimization of the dual-layer absorber using materials from a 
database of commercial lossy materials. 
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Figure 5.6 Flow Chart of the Matlab Code for the Optimization of the Absorber 
 
5.3 2-Layer Optimized Absorber with Commercial Sheets 
The first optimized design is oriented to the use of a couple of materials available 
commercially in sheets. The simulated structure is a classic dual layer absorber 
backed by a metallic plate, and the layers are named starting from the one placed 
above the PEC (Figure 5.7). The set of 23 materials with a fixed thickness (Table 5) 
has been loaded in the database and all the 223 possible combinations have been 
analyzed iteratively with the code. The first part of the analysis is done for the 
normal incidence of the plane wave (θ = 0°). 
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In Figure 5.8 are plotted the refection coefficients of the configurations chosen by 
both the optimization functions. For the optimizer based on the bandwidth referred 
to a threshold, the results for the -10 dB and -20 dB are presented. 
 
 
Figure 5.7 Stack-up of the 2-layer absorber with Eccosorb® 
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Figure 5.8 Simulated Reflection Coefficient for the optimized 2-layer absorber with 
different optimization functions 
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The results show the importance of defining a specific optimization method: every 
project has different requirements and a wrong definition of the optimizer would 
let the algorithm choice a not optimal configuration. The structure with layer 1 as 
SFU13 and layer 2 as SF15 is the best in terms of average absorption, while FGMU40 
and SF15 are the materials for the configuration with the widest bandwidth referred 
to -10 dB. According to the requirements of a radar absorber, the FGMU40 + SF15 
configuration results the optimum one by using commercial sheets with fixed 
thickness, and the working bandwidth goes from 6.86 GHz to 15.62 GHz, providing 
the required absorption on a frequency range of 8.76 GHz. The thicknesses for the 
FGMU40 and SF15 are 1.016 mm and 1.4 mm respectively, obtaining a total 
thickness of the structure of 2.416 mm. 
An important requirement for a radar absorber used to coat, for instance a flying 
object, is the good absorption performance also for an oblique incidence. In real 
situations, the position of the radar source relative to the object is unpredictable and 
is also time variable. For these reasons the code has been improved to simulate the 
structure for oblique incident field and the integer values of angles between 0° and 
75° have been simulated to compare the optimized combination of materials chosen 
by the optimization function for each angle. The angles larger than 75° are not 
considered. In the simulations for the oblique incidence, the reflection coefficient 
has been calculated for the TE polarization in order to verify the optimization 
process. The complete analysis should include the estimation of the reflectivity for 
the TM polarization to select the optimized configuration of the absorber. Simulated 
results show that the configuration of layers with the widest band changes with 
different incident wave angles. The configuration FGMU40 and SF15, chosen as the 
optimal with normal incidence by the optimizer, has the best performance for angles 
till θ = 20°. With the increase of the incident angle, the optimum configuration 
changes without an apparent rule, in fact there are layers combinations better than 
the others only for one single angle as shown in Table 6.  
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Table 6 Optimal Configurations of Simulated 2-Layer Absorber with Commercial Sheets 
for Oblique Incidence 
 
Incident Angle 
0° - 20° 21° - 43° 44° - 59° 60° - 62° 63° - 68° 69° - 71° 72° - 73° 74° 75° 
Optimal 
Configuration 
FGMU40 
+ 
SF15 
SFU13 
+ 
SF15 
SFU6 
+ 
SF15 
SFU5.5 
+ 
SF15 
FGM40 
+ 
SF15 
SFU5.5 
+ 
SF15 
SFU3.5 
+ 
SF15 
MF117 
+ 
SF15 
SF1 
+ 
SF15 
 
In Figure 5.9 are plotted the reflection coefficients for TE polarization of the optimal 
configurations for the angles from 0° to 75°. At least one curve for each optimum 
combination of the ones in Table 6, has been represented. Comparing the curves, it 
is visible how the use of different materials produces very different absorption 
performance and how the optimization function chooses the combination with the 
widest band even if not on a single frequency range. It is also evident that the 
absorption for a specific incident angle could be higher or could have a wider 
working band than the optimal one calculated with a normal incidence, but that 
specific configuration for the normal incidence has certainly a bandwidth referred 
to -10 dB smaller than the one comprising FGMU40 and SF15 sheets, which is the 
optimal for θ = 0°.  
The goal of this work is to find a configuration of materials that can provide a good 
absorption over the radar bandwidth and for multiple incidence angles. From the 
results obtained with the analysis of a set of 23 commercial materials shown 
previously, it follows that the requirements are too strict and the assumptions are 
too generic.  The prefect absorber cannot be designed without a more specific and 
complete investigation of the proposed problem.  
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Figure 5.9  Simulated Optimal Reflectivity (TE polarization) for different Angles 
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A possible approach to select the combination of materials that produces the best 
dual layer absorber using commercial lossy sheets is to analyse each configuration 
chosen by the optimization function for all the incident angles from 0° to 75° and 
find the one that provides on average the higher absorption for the oblique 
incidence. In the analysis of the full set of possible combination of two materials of 
the database, an index i can be associated to each ordered couple of elements. The 
mean reflection coefficient resulting from the simulated incident angles for each 
configuration can be calculated as: 
 
 
0
1
[ ] [ ]
N
i in n
N
 
 
     (5.1) 
 
where N in this case is 75. 
In Figure 5.10 are presented the mean reflection coefficients, calculated with (5.1), 
for each of the optimal configurations chosen by the optimization function in the 
analysis of the absorber with incident angles from θ = 0° to θ = 75°. From the curves 
is visible that the SF1 + SF15 combination has very good absorption performance (-
22 dB) at 1.2 GHz for every possible incident angle. The structure with SFU13 and 
SF15 as layers results to be very performing from 11 GHz to 15 GHz independently 
from the incident angle. This means that this approach can help in the design of 
absorbers when the requirements on the working bandwidth are more specific 
(non-wideband) and the direction of the incident signal on the absorber is unknown.  
The choice of the best configuration for the design of the wideband radar absorber 
can be based on the mean value of the curve, obtaining in this way the combination 
of materials which on average reflects the lower percentage of the incident power 
for all the oblique incident angles. 
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Figure 5.10 Mean Simulated Reflection Coefficients for the Configurations (TE 
polarization) chosen by the Optimization Function over the incident angles from θ = 0° to 
θ = 75° 
 
In Table 7 are shown the mean values for each curve plotted in Figure 5.10 using the 
formula: 
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where fN  is the number of points used to calculate the reflection coefficient and then 
to plot the curve (for this design 1000fN  ).     
The mean values of the different configurations are similar, and it means that on 
average the choice of one combination among the optimal ones does provide a 
similar mean absorption for the oblique incidence. 
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Table 7 Mean Values of the Absorption of Optimal Configurations with 2-Layer 
Commercial Sheets for Oblique Incidence 
Configuration 
FGMU40 
+ 
SF15 
SFU13 
+ 
SF15 
SFU6 
+ 
SF15 
SFU5.5 
+ 
SF15 
FGM40 
+ 
SF15 
SFU5.5 
+ 
SF15 
SFU3.5 
+ 
SF15 
MF117 
+ 
SF15 
SF1 
+ 
SF15 
Mean Value of 
Absorption for 
Oblique 
Incidence [dB] 
-8.4086 -8.2485 -8.7400 -8.4225 -7.5624 -8.4225 -8.1594 -7.0625 -6.1078 
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Figure 5.11   
Electromagnetic properties of Eccosorb SFU6: (a) Permittivity, (b) Permeability 
Electromagnetic properties of Eccosorb SF15: (c) Permittivity, (d) Permeability 
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From the values in Table 7 the structure composed by layer one as SFU6 and layer 
two as SF15 provides the best absorption on average for normal and oblique 
incidence, with a total thickness of 3.68 mm (2.28 mm and 1.4 mm respectively). 
In Figure 5.11 are presented the permeability and the permittivity of Eccosorb® 
SFU6 and Eccosorb® SF15. Figure 5.12 shows the behaviour of the configuration 
elected as the best for three incident angles (θ = 0°, θ = 30° and θ = 45°). The working 
bandwidth, referred to -10 dB, goes from 5 GHz to 9 GHz for θ = 0° and it increases 
of 1 GHz for θ = 30° and of 2 GHz for θ = 45°, maintaining the band centred on 7 
GHz. 
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Figure 5.12 Simulated Reflection Coefficient for the Configuration SFU6 + SF15 for 
incident angles θ = 0°, θ = 30°, θ = 45° 
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5.4 2-Layer Optimized Absorber with Commercial Materials 
The materials of Table 5 include a set of 14 materials that are manufactured and sold 
by Emerson and Cuming for different uses like absorbers for resonant cavities or as 
loads for transmission lines. These products are not available in sheets with a fixed 
thickness, but in rods, bars or with a requested shape and , for this reason, they can 
be used in the optimization process with a variable thickness. For the design of the 
optimal dual layer absorber, the thicknesses of these materials have been set from 
0.2 mm to 10 mm multiple of 0.2 mm. Thus the database created for this 
optimization included 686 more materials than the one used for the previous design. 
Because of the size of the new database, 2709 possible combinations of materials 
should be simulated and compared by the optimization function of the Matlab code. 
The very high amount of iterations would lead the simulation last several days and 
some shrewdness to reduce the number of cycles is required. First a downsampling 
of the tables of permeability and permittivity from 1000fN   to 
' 100fN   has been 
applied to reduce the number of points where the reflection coefficient is calculated, 
making the simulation of a single structure faster. Second, a condition on the total 
thickness of the structure has been introduced, reducing in this way the quantity of 
couples analyzed by the code. 
The design optimization using commercial materials of the database have been 
done for three maximum thickness thresholds, and the simulated reflection 
coefficients of the optimal configurations are plotted in Figure 5.13 . 
When the maximum thickness has been set to 
maxd   5 mm, the optimum 
configuration with the widest band for the normal incidence results the one 
composed by MFPP120 as layer 1 with 
1d   0.8 mm and LS20 as layer 2 with 2d   4 
mm, obtaining an absorbing bandwidth of 14.5 GHz (from 5.5 GHz to 20 GHz) with 
a total thickness of 4.8 mm.  
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For the cases of threshold set to 
maxd   7.5 mm and maxd   10 mm, the combination 
FGMU40 and LS22 is returned as be best for θ = 0° by the optimizer.  
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Figure 5.13 Simulated Reflection Coefficients for the Optimal Configurations using 
Commercial Eccosorb® with Normal Incidence 
 
As widely demonstrated previously, an increase of the thickness of the structure 
produces an improvement of the performance. Simulation results show that using 
a sheet of FGMU40 (
1d   1.016 mm) with a layer of LS22 above, the bandwidth 
referred to -10 dB can be enlarged. Employing a LS22 layer with thickness 
2d   6.4 
mm an absorber from 3.6 GHz to 20 GHz can be realized with a total thickness of 
7.416 mm. When increasing the dimensions of layer 2 to 
2d   8.8 mm the absorption 
bandwidth is enlarged to 17 GHz (from 3 GHz to 20 GHz) with a thickness of the 
structure of 9.9016 mm. 
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The addition to the database of these new materials with modifiable thickness 
permits to design a thin wideband absorber for normal incidence. The working 
bandwidth is expanded from 4GHz of the previous design to 14.5 GHz with an 
increase of the total thickness of only 1.12 mm. 
 
Table 8 Comparison between Optimal Configurations 
 Layer 1 Layer 2 
Total Thickness 
[mm] 
B 
[GHz] 
Commercial Sheet  
+ 
 Commercial Sheet 
SFU6 SF15 3.68 4 
Commercial Material  
+ 
 Commercial Material 
MFPP120 LS20 4.8 14.5 
FGMU40 LS22 7.416 16.4 
FGMU40 LS22 9.9016 17 
 
Similarly to the previous investigation, the optimal configuration chosen by the 
optimizer for the normal incidence is not necessary the best one for the oblique 
incidence. An additional analysis should be done to find the optimum combinations 
for the incident angles between 0° and 75° and then for each of these configurations 
the mean reflection coefficient over the angles should be calculated. Finally, the 
comparison between the mean values of the average absorption for all the 
candidates would determinate the configuration with the best absorption on 
average for all the incident angles. This kind of investigation needs an enormous 
number of iterative cycles to estimate the reflection coefficients, and consequently 
the simulation time can arrive to several hours or even days or weeks. 
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To understand the behaviour of the optimized dual layer absorber for the oblique 
incidence for the three optimal configurations, the reflection coefficients for θ = 0°, 
θ = 30°, θ = 45° and θ = 60° have been simulated and plotted in Figure 5.14, Figure 
5.15 and Figure 5.16 . 
The analysis for three incident angles for TE polarization shows that for the three 
configurations, optimized for the normal incidence, the performance is still 
acceptable for θ = 30° and degrades for larger angles. Without a complete 
investigation, is not possible to determinate if these configurations are the optimal 
ones for angles from 0° to 30°. However, according to presented results the stack-
ups of Figure 5.13 can provide a good absorption on a wide bandwidth with a small 
thickness of the structure and for a range of incidence of the plane wave of 60°. 
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Figure 5.14 Simulated Reflection Coefficient (TE polarization) for the Configuration 
MFPP120 + LS20 for incident angles θ = 0°, θ = 30°, θ = 45°, θ = 60°  
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Figure 5.15 Simulated Reflection Coefficient (TE polarization) for the Configuration 
FGMU40 + LS22 for incident angles θ = 0°, θ = 30°, θ = 45°, θ = 60° with a total 
thickness of 7.416 mm 
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Figure 5.16 Simulated Reflection Coefficient (TE polarization)  for the Configuration 
FGMU40 + LS22 for incident angles θ = 0°, θ = 30°, θ = 45°, θ = 60° with a total 
thickness of 9.9016 mm 
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CONCLUSION 
An overview of the techniques for designing thin absorbers available in the 
literature are initially discussed. Then the use of unconventional FSSs with 
Hamiltonian geometries embedded in already optimized stack-ups is investigated 
with a moderate success in term of bandwidth improvement. For this reason, a large 
part of the work has been dedicated to a more pragmatic approach for the design of 
a thin wideband radar absorber. Different optimization methods aimed to 
optimized a layered structure on the basis of a database formed by commercial 
magnetic materials are presented. A simulation approach based on the equivalent 
transmission line circuit is used, exploiting the velocity of simulation compared to 
commercial CAD software. The commercial lossy materials have been investigated 
mainly because they are easily available and the electromagnetic characteristics are 
certified by the manufacturing company and identical for all the samples. 
An absorber composed by an Eccosorb® SFU6 sheet and a Eccosorb® SF15 sheet 
with a thickness of 3.68 mm has been designed, optimizing the absorption over an 
acceptable range of incident angles and resulting the best configuration when no a 
priori knowledge is available. 
A dual layer wideband absorber with a total thickness of only 4.8 mm has been 
designed from a database of commercial lossy materials available on the market. 
The working bandwidth of the structure covers the frequency range from 5.5 GHz 
to 20 GHz, providing an absorption lower than -10 dB on a band of 14.5 GHz. 
The results shown in this work are the basic investigation for the realization of a 
thin wideband radar absorber with magnetic materials commercially available. 
Future works could be oriented first to the reduction of the simulation time for the 
analysis of a big amount of possible combination of materials for the layers. 
Afterward the design of a three-layer structure could be also investigated, and 
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finally the integration of one or more FSS, also with non-conventional shapes as for 
instance Hamiltonian Curves, can be studied with the purpose to lower the reflected 
power for all the acceptable incident angles. Finally the optimized structures 
performance could be verified by the simulations with a commercial 
electromagnetic CAD.
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